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I. INTRODUCTION

C
OHERENT detection is a key enabler to increase capacity of today's optical communication systems because of its ability to translate the full information of the optical field into the electrical domain. This allows the detection of higher order modulation formats such as multilevel phase-shift keying (M-PSK) and quadrature amplitude modulation (QAM) which use the complex plane more efficiently than, e.g., on-off keying (OOK). While M-PSK-formats have been used to achieve spectral efficiencies of up to 4 b/s/Hz [1] , spectral efficiencies of up to 10 b/s/Hz for QAM formats have been shown [2] . Apart from the obvious drawback of lower tolerance to amplified spontaneous emission (ASE) noise triggered by a higher constellation-density, higher order modulation formats may suffer more heavily from nonlinearities, for the same reason. While interchannel nonlinearities have been investigated for a few selected modulation formats [3] or for the electronically compensated transmission links [4] , a comprehensive study of the nonlinear influence on higher order modulation formats has not been reported to date.
In this letter, we quantify the relative impact of intrachannel nonlinearities for a wide range of coherently detected M-PSKformats, including differentially encoded binary-, quaternary-, 8-, as well as 16-PSK (DBPSK, DQPSK, D8PSK, D16PSK), for the first time extensively covering QAM formats, D8QAM and D16QAM. For each modulation format, transmission is investigated over both an optically and electronically compensated link, with duty cycles varying from 33% to 100%. The dominant nonlinear effects are identified by using the nonlinear threshold (NLT) as a performance metric, defined in [5] to identify the optimum overall transmission performance.
II. SYSTEM SETUP To ensure a fair comparison between all modulation formats in a single-channel and single-polarization case, a De-Bruijn sequence with a fixed bit rate of 40 Gb/s was used. Limited transmitter bandwidth was modeled by a fifth-order Bessel-filter with a 3-dB bandwidth of 20 GHz (except for DBPSK: 32 GHz). All modulation formats were differentially encoded and, therefore, require a precoder to generate the driving signals. For DBPSK, these driving signals are fed into a Mach-Zehnder interferometer (MZI) in a push-pull configuration, driven around its zero transmission point with a swing of . The transmitter used to generate higher order PSK signals is shown in Fig. 1 . A cartesian modulator gives access to the real and imaginary part of the optical field to obtain DQPSK. A subsequent phase modulator, which varies the phase between 0 and , doubles the number of symbol points, to give D8PSK. To obtain D16PSK, another phase modulator is inserted into the optical path to vary the phase between 0 and . D8QAM is generated by underdriving one arm of a cartesian modulator [6] and applying a phase shift of . A subsequent phase modulator shifts the phase between 0 and according to a third data signal to give the desired constellation diagram (see Fig. 2 ). D16QAM has the advantage of needing only a single cartesian modulator. It is driven by four-level driving signals, yielding a regular grid in the complex plane. For both QAM formats, differential coding was employed by dividing the constellation into four quadrants and coding the most significant bits to identify those quadrants, while the least significant bits are rotationally invariant. This approach mitigates catastrophic error propagation due to cycle slips [7] . A pulse carver is added to generate each modulation format with duty cycles of 67%, 50%, and 33%.
To enable comparison with the results presented in [5] , a similar transmission link consisting of ten spans of 80-km standard single-mode fiber (SSMF) was used to determine the nonlinear performance of M-PSK and QAM formats. In one scenario, each SSMF span was optically compensated by dispersion compensating fiber (DCF) placed between a dual-stage erbium-doped fiber amplifier (EDFA). This dispersion map was designed to minimize the impact of intrachannel nonlinearities on DPSK signals and the parameters are given in Table I . Note, that the launch power into the DCF was set low enough to ensure nonlinear interaction only within the SSMF. The second scenario assumes the absence of all DCF modules, leaving the linear compensation of chromatic dispersion entirely to DSP based at the receiver.
At the receiver, the optical signal is noise loaded and filtered with a second-order Gaussian optical filter with a 3-B bandwidth of symbol rate. The transmitter laser and local oscillator (LO) laser have a 100-kHz linewidth and were set to have zero frequency offset. A fifth-order Bessel filter with a 3-dB bandwidth of symbol-rate is used to model the limited bandwidth of the receiver and reject out-of-band noise. If applicable, the chromatic dispersion is exactly compensated in the frequency domain, before digitally recovering the optical phase. The th power algorithm is used for estimating the phase of M-PSK signals, exploiting the constant modulus of these constellations. In contrast to that, QAM formats have multiple constellation rings necessitating a different method, and in this study the decision-directed phase-locked loop (PLL) proposed by [8] was used. After hard decision and differential decoding, the bit-error-rate (BER) is determined for several optical signal-to-noise ratios (OSNRs) with 0.1-nm resolution bandwidth to yield the required OSNR at a BER of (rOSNR). Differential direct detection schemes (DBPSK and DQPSK) were also investigated for the case of the optically compensated link to complete the comparison.
III. RESULTS AND DISCUSSION
The NLT was selected as a performance metric to estimate the susceptibility of a given modulation format to nonlinear distortion. It is defined as the input power at an rOSNR penalty of 1 dB, with respect to the equivalent back-to-back performance of the modulation format considered (Table II) . Throughout the simulations, the EDFA's noise figure was set to 4.5 dB and additional noise loading was performed at the receiver.
Links With Optical Compensation: The NLTs in transmission over an optically compensated link are plotted in Fig. 3  (left) . The performance of all M-PSK formats benefit from a decreased duty cycle, which is due to reduced phase-matching between adjacent frequency components for signals with a broader spectrum. For the same reason, nonlinear performance degrades when going, e.g., from DBPSK to modulation formats with more phase levels, when keeping the bit rate constant (reducing symbol rate). Note, that M-PSK formats are mainly limited by intrachannel four-wave mixing (IFWM), while intrachannel self-phase modulation (ISPM) and intrachannel cross-phase modulation (IXPM) do not degrade the signal, because every pulse has the same intensity envelope.
Conversely, the QAM formats are heavily limited by ISPM and IXPM, leading to a worse nonlinear performance when transmitted over optically compensated links. Commonly used dispersion-managed links can lead to partial recompression of the pulses during transmission, resulting, in the case of QAM, in a relative rotation between the intensity rings (see Fig. 4 ). This relative rotation is exacerbated by decreasing the duty cycle, due to an increased peak-pulse power for return-to-zero (RZ) formats. The rings appear to be rotated in opposite directions, due to the phase recovery removing the mean nonlinear phase shift.
Links With Electronic Compensation: Fig. 3 (right) shows the results for transmission over an uncompensated link, compensating all chromatic dispersion in the digital domain. Comparing these results to Fig. 3 (left) , it is apparent that the NLT is reduced by more than 3 dB for M-PSK-formats, qualitatively supporting the findings in [9] . Due to the dramatically increased pulse overlap, more pulses take part in the IFWM process, leading to higher variance of the induced noise. Similar to optically compensated links, a reduction in duty cycle results in a performance improvement by 1.5 dB ( 3 dB for D16PSK). Interestingly, D8QAM shows comparable performance with D8PSK, but with 1.5 dB higher tolerance to ASE noise. Since pulses are not recompressed during transmission, the influence of ISPM is reduced and the nonlinear performance improves for D8QAM by up to 4.5 dB and for D16QAM by up to 5.3 dB. However, coherent DBPSK remains the optimum choice for transmission exhibiting a benefit of 2 dB against coherent DQPSK and 4.5 dB against D8PSK/D8QAM.
Note, that additional simulations with noise-free EDFAs and noise loading at the receiver have been performed. In this case, the interaction between the signal and ASE noise (Gordon-Mollenauer noise) is removed as a source of degradation. The results of these simulations indicate negligible performance degradation due to Gordon-Mollenauer noise in optically and electronically compensated transmission over the distance investigated here.
The next step in this work will focus on polarization-and wavelength-division-multiplexing (PDM and WDM) systems, where the additional impact on the performance by XPM between WDM and PDM channels is analyzed.
IV. CONCLUSION
We have investigated the impact of intrachannel nonlinearities for M-PSK-and QAM-signal formats at 40 Gb/s. For M-PSK, comparison between an optically compensated and a DCF-free link identified a lower NLT for the latter because of increased nonlinear distortion due caused by pulse overlap. However, the situation is reversed for QAM formats which have a higher NLT over electronically compensated links, with a benefit of up to 5.3 dB. In the case of multiring formats, ISPM limits transmission over optically compensated links, while IFWM dominates transmission in all other cases. The penalty due to IFWM is more severe for modulation formats with smaller phase/amplitude-difference and in the case of a higher pulse-overlap during transmission.
Gordon-Mollenauer noise has been found to cause only minor degradations over the distance investigated in this letter.
